We report on the electronic structure of the elemental topological semimetal α-Sn on InSb(001). High-resolution angle-resolved photoemission data allow to observe the topological surface state (TSS) that is degenerate with the bulk band structure and show that the former is unaffected by different surface reconstructions. An unintentional p-type doping of the as-grown films was compensated by deposition of potassium or tellurium after the growth, thereby shifting the Dirac point of the surface state below the Fermi level. We show that, while having the potential to break time-reversal symmetry, iron impurities with a coverage of up to 0.25 monolayers do not have any further impact on the surface state beyond that of K or Te. Furthermore, we have measured the spin-momentum locking of electrons from the TSS by means of spin-resolved photoemission. Our results show that the spin vector lies fully in-plane, but it also has a finite radial component. Finally, we analyze the decay of photoholes introduced in the photoemission process, and by this gain insight into the many-body interactions in the system. Surprisingly, we extract quasiparticle lifetimes comparable to other topological materials where the TSS is located within a bulk band gap. We argue that the main decay of photoholes is caused by intraband scattering, while scattering into bulk states is suppressed due to different orbital symmetries of bulk and surface states.
INTRODUCTION
The low-temperature α-phase of Sn has attracted considerable attention recently as a unique elemental threedimensional topologically non-trivial material [1] [2] [3] [4] [5] [6] [7] . Being a zero-gap semiconductor if unstrained, it can enter a Dirac semimetal or strong topological insulator (TI) phases under strain 6, 7 . Interestingly, the non-trivial topology and, hence, the topological surface state (TSS) in α-Sn exist independently of the strain owing to a robust band inversion between conduction and second valence bands, similar to HgTe 8 or some ternary Heusler compounds 9 . While the electronic structure of α-Sn has been reported in several experimental studies [2] [3] [4] [5] [6] , a detailed analysis of the TSS is still missing.
Despite the degeneracy of the TSS with the projected bulk bands, α-Sn has proven its potential for spintronics applications 4 . A weak hybridization of the TSS with the energetically coexisting bulk bands 6 calls for the analysis of the TSS quasiparticle lifetime, which has not been reported so far. Additional spintronic functionalities can be expected from introducing ferromagnetic impurities, which are suggested to break time-reversal symmetry, thereby opening a gap in the TSS. This is of interest for devices, such as transistors, as well as for achieving the quantum anomalous Hall state [10] [11] [12] [13] [14] [15] [16] [17] . However, their experimental realization has proven challenging and has led to yet another controversy in the literature, i.e., whether adding ferromagnetic impurities in a TI can indeed open a band gap in the TSS [18] [19] [20] [21] [22] [23] [24] [25] [26] . Such effects were mainly studied in the Bi 2 X 3 family of compounds, and related ternary systems, and it has been argued that, e.g., the high intrinsic doping in Bi 2 X 3 prevents the proposed surface-state-mediated ferromagnetic alignment of the impurities 11, 22 . Hence, the tunability of the Dirac point might be an essential requirement to obtain and study a band gap opening via magnetic impurities in the TSS.
In this paper, we present different aspects of the electronic structure of α-Sn films using spin-and angleresolved photoemission (ARPES). We reveal that although the TSS is degenerate with the bulk band structure, the former maintains an isotropic k -space dispersion with circular constant energy contours (CECs) unaffected by different surface reconstructions of the film. We compensate the intrinsic p-type doping of the as-grown film by surface deposition of potassium, thereby shifting the Kramers degeneracy point of the surface state below the Fermi level. Additional control over the precise position of E F is gained through the variation of the thickness of the Te buffer layer between substrate and film. Despite this tunability, we present data that unambiguously demonstrates the absence of a resolvable gap in the TSS in α-Sn after Fe adatom deposition [up to 0.25 monolayers (ML)], which is in line with previous findings in Bi 2 Se 3 and Bi 2 Te 3 22,25 . Furthermore, we have measured the spin-vector alignment of electrons in the TSS by means of spin-resolved ARPES. Our results show that the spin vector lies fully in the sample plane along all directions in k-space. Further, our results on the circular dichroism in the angular distribution (CDAD) of photoelectrons confirm that the method does not provide a reliable measure of spin polarization 27, 28 . Finally, we analyze the decay of photoholes introduced in the photoemis-sion process, and in this way, get insight into the manybody interactions in the system. The extracted quasiparticle lifetimes are found to be comparable to other TIs where the TSSs appear within a bulk band gap. We argue that the main decay of photoholes is caused by intraband scattering and that scattering into bulk states is suppressed by virtue of different orbital symmetries and consequently small hybridization of bulk and surface states.
II. METHODS
α-Sn thin film samples were grown by molecular beam epitaxy (MBE) on InSb(001) substrates. The 8-effusion cell MBE system is directly attached to the highresolution ARPES system at beamline I05 at the Diamond Light Source (Didcot, UK), allowing for in-vacuum transfers 29 . The substrates were cleaned by several sputter and anneal cycles until a clear c(8×2)-reconstruction was observed by low-energy-electron diffraction (LEED). Afterwards, a Te buffer layer was deposited, inducing a (1×1) surface reconstruction. The amount of Te was monitored by x-ray photoemission spectroscopy (XPS) and LEED. Next, Sn was grown layer-by-layer, as evidenced by clear RHEED oscillations (not shown here). After depositing for ∼10-12 RHEED oscillations (monatomic Sn layers) the thickness of the film is sufficient to neglect the influence of the InSb/Te interface.
ARPES measurements have been carried out with s and p linearly polarized light, as well as circularly polarized light, at varying photon energies at beamline I05. The endstation is equipped with a Scienta R4000 hemispherical electron analyzer that provides an ultimate energy and angular resolution of ∼5 meV and 0.1
• , respectively. Spin-resolved photoemission spectra were measured at the SIS beamline at the Swiss Light Source using the COPHEE spectrometer with two 40 kV classical Mott detectors 30 at a photon energy of 19 eV. Energy and angular resolutions were ∼60 meV (∼20 meV in spin-integrated spectra) and 1.5
• (0.5
• in spin-integrated spectra), respectively.
III. ATOMIC SURFACE STRUCTURE
Since α-Sn crystallizes in the diamond structure, we want to briefly review the structural basics of the (001) surface. If the bulk is truncated at the (001) surface, the topmost atoms miss their partners to saturate bonds. Being of sp 3 -character, these dangling bonds are strongly directional and lie diagonally in the (110) plane. Local density approximation calculations show that the unreconstructed surface is energetically not favorable due to a very high surface energy of 1.530 eV/(1×1) cell 31 . According to Lu et al. 31 , a stabilization is achieved through the formation of asymmetric dimers, which leads to an energy gain of 0.618 eV/(1×1) cell [ Fig. 1(a) ]. This dimer formation is well known also for the Si(001) and Ge(001) surfaces 32 , and it is the building block for many reconstructions observed in experiments. For α-Sn(001), the formation of reconstructions has been investigated by Yuen and coworkers, who found a dependence of the reconstruction type on the film thickness 33 . In the regime of interest, i.e., below 200Å, the formation of a (2×1) reconstruction is favored. It shows up in a double-domain fashion since the dangling bonds of the truncated bulk are oriented in two orthogonal directions on neighboring surface terraces separated by a mono-atomic step. As can be seen in Fig. 1(b) , the LEED images show an evolution from a c(8×2)-reconstructed surface (top) for pristine InSb(001) after surface preparation to a (2×1) reconstruction for the Sn-covered surface (bottom). We found that adding Te prior, during, or after the Sn deposition improves the crystal quality as it apparently acts as a surfactant. Depending on the amount of Te added, the dangling bonds of Sn become saturated and the formation of dimers is avoided, resulting in an unreconstructed (1×1) surface structure 2 . A similar effect is seen on the InSb surface after growth of a Te buffer layer [ Fig. 1(b) , center]. Figure 1(c) shows angle-dependent core-level spectra of a Sn film grown on InSb(001) where a Te buffer layer was added before Sn deposition. The 3d states of all elements that contribute to the signal are situated next to each other in binding energy such that the qualitative dependence of the intensities on the emission angle can be easily followed. The limited escape depth of photoelectrons leads to an enhanced surface sensitivity for off-normal emission where the escape depth is proportional to the cosine of the emission angle measured relative to the surface normal. Naively, one would expect Te, Sb, and In to decrease in intensity for 60
• off normal emission (light gray line) as Sn was deposited on top of the three. As can be seen, this is not the case: with increasing surface sensitivity the intensity of Sb and In reduces, as expected. However, also the Sn intensity is decreasing, while the Te intensity appears unaltered, or slightly higher, for 60
• off normal emission as compared to normal emission (0 • ). This gives clear indication that Te segregates on top of the growing film, instead of buffering the interface between InSb and Sn. Such behavior is typical of surfactants which alter the surface free energies 34, 35 . We quantify the results from the angle-dependent XPS by calculating the relative spectral-weight change according to
where A 60 and A NE are the areas below each 3d 5/2 -peak for the measurement at 60
• off normal emission and at normal emission, respectively. From each peak, a Shirley background has been removed prior to the analysis. The calculation gives an increase of ∼16% for the Te state and a reduction of ∼19% for the Sn state. Remarkably, the Sb state is reduced by ∼40%, while the In state is reduced by less than ∼29%. This indicates that diffusion of In into the film may persist despite the Te buffer layer. Interdiffusion of In can be further enhanced by formation of metallic In islands that accompanies InSb substrate surface preparation via sputtering and annealing 36 . Furthermore, Te seems to act as a n-type dopant (as it does in group-IV semiconductors like Si and Ge 37 ), or, it is at least able to compensate intrinsic p-type doping that is likely to be caused by the interdiffusion of In atoms from the substrate into the film 2 .
IV. ELECTRONIC STRUCTURE
Recently it was shown that the compressive strain in α-Sn films induced by the InSb substrate opens only a local band gap at the Γ-point of the bulk Brillouin zone [BBZ, Fig. 2(b) ], which closes along the direction perpendicular to the (001) surface, i.e., along the Γ-Z direction [ Fig. 2(a) ] 5, 6 . This gives rise to two three-dimensional Dirac points along the line Z-Γ-Z and defines α-Sn as a topological Dirac semimetal. We note that this gap closing does not alter the bulk topological properties as the strain induced band crossing occurs between the two Γ + 8 bands that form the topmost valence and conduction band in unstrained α-Sn. As both share the same par- ity eigenvalues, the local gap opening induced by strain does not change the Z 2 -invariant. Note, that the size of the gap in the sketch of Fig. 2(a) is exaggerated, and due to its small real size (∼ 30 meV) and photoemission k ⊥ broadening 38 we have no experimental resolution to clearly show the 3D Dirac points in ARPES.
We approach the topological transition by reviewing the electronic structure of InSb in comparison with α-Sn. Based on nonlocal pseudopotential calculations, Chelikowsky and Cohen were able to show that in InSb the Γ − 7 band lies above E F for all time reversal symmetric momenta 39 . In contrast, the Γ − 7 band is pushed below E F in α-Sn 40 due to mainly scalar relativistic effects that affect the s-electrons 41, 42 , thus giving rise to a change of the Z 2 -invariant 1 .
There is yet another band inversion in α-Sn as the Γ 6 . While this inversion has no effect on the bands in agreement with this inversion 6 .
In Fig. 3 (a) we present energy dispersive maps of α-Sn acquired at T =8 K with an excitation energy of hν=18 eV translating into a surface perpendicular momentum k z = 2.33 × (2π/c), assuming an inner potential of V 0 =5.8 eV (Ref. [6] ). The left-hand panel shows the dispersion along the Γ-X direction (note that due to the dual domain nature of the surface reconstruction in our samples the X and Y points of the surface Brillouin zone (SBZ) can not be distinguished). At 0 eV binding energy we observe a single sharp feature that crosses E F , corresponding to the TSS reported recently 2, 3 . In addition, we observe a weak background intensity caused by the projected bulk Γ + 8 band that also crosses E F , revealing a metallic behavior. The apparent p-type doping is likely caused by diffusion of In from the substrate into the film 2 , whereas the amount of Te in the buffer layer was not enough to compensate for it. From the momentum distribution curves (MDCs) taken at E F we extract the Fermi wavevector k F for the Γ-X direction to ∼0.035Å −1 [ Fig. 3(d) ]. When following the TSS dispersion to higher binding energy, a reduction in intensity, accompanied by a broadening, is observed. This broadening is ascribed to the presence of the bulk Γ − 7 band, and a hybridization with it. The hybridization is even more pronounced for the Γ-M direction as shown on the right-hand side of Fig. 3(a) . At E F we get a similar picture as along the Γ-X direction with the only intense feature being the TSS. For higher binding energies, a second feature is observed, which we will refer to as the conventional surface state (SS), and which gains intensity and sharpness with increasing binding energy. In Fig. 3(b) we show a photon energy scan between hν=18 eV and hν=32 eV, i.e., along the Γ-Z direction of the BBZ, while the surface is oriented with the Γ-M direction along the angle-dispersive axis of the analyzer.
At the Fermi level [ Fig. 3(b) , left] we observe a single intense feature that corresponds to the TSS, in agreement with the results of Fig. 3(a) . This feature appears as a straight line along the k ⊥ direction, which is clear proof of its two-dimensional character, i.e., its surface localization. At 250 meV binding energy [ Fig. 3(b) , right], in addition to the TSS, one can observe the second sharp feature that originates from the SS band [see Fig. 3(a) ].
Clearly, this additional feature shows no dispersion in k z and dresses the TSS with a constant separation in k . We can therefore assign a two-dimensional character to this state as well.
To elucidate the topography of the states in more detail, we present a set of experimental CECs in Fig. 3(c) . Sketches of CECs are shown in Fig. 3(e) ,(f). The energydependence of the intense TSS in the stack of CECs in Fig. 3(c) is illustrated by the black guide lines, which suggest a Dirac-point energy of E D ≈150 meV above E F . The shape of the Fermi contour can be resolved as a cloverleaf-like feature, resulting from two orthogonal elliptic contours that cross each other symmetrical about Γ. They originate from the bulk states and appear to be degenerate with the central TSS. Since the intensities of the elliptic bulk features add up at the crossing points along the four Γ-M directions, the overall shape of the TSS appears to be quadratic. These crossing points are seen better at higher binding energies (>200 meV) where the TSS shows a weaker intensity.
The quadratic shape would fulfill a strong nesting condition, with the possibility of an emerging spin-density wave 43 , however, the k F values for TSS extracted from MDCs shown in Fig. 3(d) are 0.035Å −1 and 0.037Å
for the Γ-X and Γ-M direction, respectively. The latter is far off the expected value of √ 2k F = 0.049Å −1 along the Γ-M direction for a quadratic shape. Therefore, for the available binding-energy range, we establish a circular shape of the TSS-related Fermi contour, while it only appears to be quadratic due to overlap with bulk elliptic features.
V. SURFACE DOPING STUDY
Previously, we have studied the effect of Te codeposition during the growth of Sn on InSb (001) 2 . It was shown that an enhanced flux of Te leads to a reduction of the intrinsic p-type doping, however, it has not been clarified whether Te prevents the outdiffusion of In atoms into the film, thus reducing the p-type doping, or whether Te itself acts as an electron donor. As already described above, samples in this study were grown with a Te buffer on InSb(001) instead, without an additional Te supply during the Sn deposition. K deposition. To be able to show that the TSS discussed with respect to Fig. 3 is indeed the TSS reported in previous studies 2-4 , we have conducted a series of K depositions on the surface of α-Sn at T =8 K, monitoring the changes in the band structure after each step. Figure 4(a) shows band maps for the pristine sample (left), an intermediate K coverage (center, 3 min K deposition), and the final K coverage (right, 15 min K deposition). To determine the TSS peak positions, MDCs were fitted with Lorentzian peaks in a small energy window. Subsequently, by fitting a straight line to the peak positions, one can extrapolate E D to quantify the shift of E F . For the pristine sample E D is found ∼150 meV above E F . One can clearly observe a shift of the Fermi level towards the Dirac point for the intermediate K dose. The band shift appears to be rigid since the group velocities determined from the linear approximation agree within the errors of our analysis. The Dirac point is now found ∼50 meV above E F . For the highest K dose, shown in the right-hand panel, the intensity from the Sn states is suppressed due to the highly disordered surface. However, the extrapolation of the Dirac point matches well with the observed Dirac point that shows an enhanced intensity. The crossing point is found ∼65 meV below E F , therefore we can quantify the total shift of E F induced by K to ∼215 meV. In addition to this shift, we observe a transition from a (2×1) reconstruction of the pristine sample to an unreconstructed (1×1) surface after the final K deposition in LEED [ Fig. 4(c)] .
Te deposition. The same transition was observed in LEED for Te surface deposition that has been conducted at room temperature (RT) in order to reduce possible cross-contamination due to otherwise extreme temperature changes between deposition and measurement steps.
The overall spectral quality becomes reduced at RT due to some k-space broadening of the states. On the other hand, due to the larger width of the Fermi-Dirac edge (of order ∼ 4kT ) we are now able to probe also states slightly above the Fermi level. This spectral information can be enhanced through a normalization of the individual MDC intensities, as shown in Fig. 4(b) . For this sample, the initial E D is resolved at ∼15 meV above E F , marked by the black line in the left panel. The reduction of the intrinsic p-type doping is ascribed to a higher initial Te amount in the buffer layer. Two subsequent surface depositions of Te after the growth are shown in the middle and right panel of Fig. 4(b) . Again, we observe a clear shift of E F , and the total shift amounts to ∼50 meV with E D =35 meV for the highest Te content. We attribute this shift to an electron transfer from Te to Sn, providing evidence that the n-type doping reported in Ref. [2] is not only caused by a suppressed p-type doping from In diffusion. Interestingly, the overall quality of the measurement appears slightly enhanced for the Te-doped sample. Especially the trivial surface state SS in the Γ-M direction [ Fig. 3(a) ] is more pronounced. This is in stark contrast to the effect of K doping, where the overall quality was diminished. On the one hand, one may argue that Te forms an ordered overlayer that may smooth out the surface roughness of as-grown α-Sn, in agreement with the surfactant character of Te. Potassium, on the other hand, may be unordered or form clusters, and an increased surface roughness could explain the low signal-to-noise ratio.
Figure 4(d) shows CECs extracted at 200 meV (top) binding energy in the pristine sample, and at 250 meV (bottom), for the highly Te doped sample as marked by the white dashed lines in Fig. 4(b) . Hence, the energetic distance to E D is the same and allows for a comparison. As can be seen, the CECs are, despite some intensity differences, identical. In the right panel of Fig. 4(d) we show MDCs extracted at k x =0 (bottom) and k y =0 (top) from the CECs to the left. Clearly, the peak maxima that stem from the TSS agree for both directions and doping levels. This underpins the argument that the surface reconstruction does not affect the TSS -even though it is indeed strongly localized in the topmost layers 6 . This is in line with the findings by Ohtsubo et al. who showed that α-Sn films covered with a (2×1) reconstructed Bi layer exhibit no (2×1) surface periodicity in the electronic structure 3 .
Fe deposition. Both Te and K overlayers have no magnetic moment and, therefore, the TRS of the system is preserved. As theory predicts, such perturbations to a TI are neither able to change the metallic behavior of the surface nor to destroy the TSS 44, 45 , as long as the TSS bridges the gap between two different bulk bands. In contrast, the presence of a magnetic field in a topologically non-trivial system has been proposed to break the TRS and introduce a band gap in the TSS at E D . For two-dimensional surface states in 3D TIs many studies address this symmetry-breaking by deposition of ferromagnetic impurities or interfacing the TIs with a ferromagnetic overlayer 11-13,15-19,21-25,44,46-51 . Figure 5 presents the results of Fe deposition on the surface of an α-Sn film. The left panel shows the dispersion along Γ-X of an as-grown pristine α-Sn sample, measured with photons of hν = 18 eV at T = 8 K. The TSS is clearly observed on top of the bulk background, as described in the previous section. The thickness of the Te buffer between substrate and α-Sn film was adjusted such that the Dirac point is slightly, but clearly, below the Fermi level.
In the right panel of Fig. 5 , we show the ARPES data on the same sample and measurement setup after deposition of 0.25 monolayer (ML) Fe and subsequent annealing at T = 373 K. The bulk bands are not visible anymore due to the increased background signal from Fe d -states. In contrast, the TSS appears very pronounced on top of this diffuse background signal. As outlined by the dashed line between the two panels of the figure, we again observe a clear shift of the Fermi level of the n-type sample. We quantify this shift by the position of the Dirac point prior and after Fe deposition to be ∼15 meV. At E F , we clearly observe the two branches of the TSS at ±k that was not resolved in the pristine sample. Below E D , the TSS dispersion of the pristine and the Fe-covered sample agree well with each other, apart from the small energy shift. Most importantly, we find no sign of a band gap opening within our experimental resolution.
Interestingly, for a E D located close to the E F as in case of our pristine α-Sn film, theory predicts that the TSS may mediate an alignment of the magnetic moments of the adatoms via a Ruderman-Kittel-KasuyaYosida (RKKY) interaction 11 . Typically, the RKKY interaction oscillates between the ferromagnetic and antiferromagnetic coupling as a function of 1/k F , where k F refers to the electronic state that mediates the coupling. Here, since E D was adjusted close to E F (k F ∼0.005Å the period of the RKKY interaction oscillation 2π/k F increases to 100 nm, which is much above the average distance between Fe adatoms. This means that the coupling between Fe adatoms should be ferromagnetic. However, we neither resolve an energy gap at E D nor do we observe a change in the band dispersion in terms of band mass or group velocity. Apart from the trivial absence of ferromagnetic order, the gap size could be still too small to be resolved with our given experimental resolution. 46 , we conclude that a simple 0.25 ML Fe deposition onto the surface of α-Sn is not able to open a resolvable band gap in the TSS. Figure 6 presents an in-depth study of the electron spin polarization of a sample that was optimized in terms of intrinsic doping, i.e., it has the Dirac point just slightly below the Fermi level as shown in Fig. 6(a) . We have performed Mott-polarimetry of MDCs at E B ∼280 meV as marked by the yellow dashed line in Fig. 6(a) and at different azimuthal rotations as marked by the green dashed lines on sketches on the right side of Fig. 6(b) . Provided a 4-fold rotational symmetry, the selected cuts are representative for the whole surface state.
VI. SPIN-MOMENTUM LOCKING
In Ref. [2] it was reported that a spin-vector was perpendicular to the momentum, as expected for an ideal Dirac cone. In Fig. 6(b-d) we present all three vector components of the spin polarization (S x , S y , S z ) measured in experimental geometries shown on the right side of each panel respectively. Note that the label k y refers to the experimental geometry which does not necessarily coincide with the sample high-symmetry directions. Since MDCs in Figs. 6(b-d) were acquired by varying the tilt angle, we always move along the k y -direction in kspace. In the same manner, the reference frame of the spin-polarization agrees always with the reference frame of the sample. For all azimuthal rotations we get a similar result for all three components of the polarization. The polarization is most pronounced in the x-component and the reversal of the sign of polarization is clearly visible. S x is found to be positive for −k y , and negative for +k y , thus resulting in the opposite helicity as compared to TSS at E F in Bi 2 Se 3 53 . The z-component shows vanishing polarization in agreement with the theoretical expectation that even rotational crystal symmetries confine the spin to the surface plane.
As a refinement of our previous result 2 , we observe a finite polarization in the y-component as well. The effect is small, but significantly above the experimental error, and can not be simply explained with a small misalignment of the sample, i.e., an offset in k x , since for that case the sign of the polarization should not reverse across k y =0. Therefore, our measurements qualitatively give a picture as shown in the sketches on the right side of Figs. 6(b)-(d) where the arrows visualize the orientation of the spin (angular-momentum) vector. We see that the spin-momentum locking is not perpendicular, but is pointing inside of the constant energy contour with a finite component antiparallel to the momentum of the spin. Resolving whether this is a pure spin effect or influenced by the coupling to the orbital momentum calls for further investigations, ideally assisted by one-stepphotoemission theory. We emphasize that despite the reduced k-resolution as compared to conventional ARPES, the spin-resolved MDCs are capable to distinguish states below the k-resolution as long as there is a difference in the polarization 54 . In agreement with the results of the conventional ARPES [see Fig. 4(d) ], we do not observe a √ 2-factor between the MDC peak maxima at azimuth α=45
• [Γ-M Fig. 6(d) ] and α=0
• [Γ-X Fig. 6(b) ], giving further evidence that the constant energy shape of the TSS is close to circular.
To conclude the discussion of the spin-polarization, we show in Fig. 7 conventional ARPES measurements acquired with circularly polarized light. CDAD of photoelectrons has recently been suggested as a measure of spin in strong topological insulators 55, 56 . In the study by Ohtsubo et al. 3 , and also in the study by Liu et al. for HgTe 57 , this method has been applied and appears to confirm the measurements using Mott-polarimetry. As can be seen in our results presented in Fig. 7 , already a small difference in the excitation energy as compared to the results by Ohtsubo et al., i.e., 18 eV (here) vs. 19 eV [3] , leads to an almost perfect cancellation of the CDAD effect in α-Sn. We note that this is yet another confirmation that CDAD in spin-orbit coupled systems is no reliable stand-alone tool to measure the spin polarization of electronic states 27, 28 . 
VII. MANY-BODY INTERACTIONS
Having confirmed the spin-momentum locking in the previous section, we now turn to a topic related to the spin-polarization of the surface state. On the surface of a three-dimensional TI, 180
• electron backscattering is forbidden as in case of the edge states in a two-dimensional TI. In contrast to the latter, scattering under angles smaller than 180
• is only suppressed in three dimensions with a scatter probability that is dominated by the overlap of initial and final state spin states in the scattering process. According to theory 58 , the probability of a hole introduced at a certain k being filled with an electron of distinct k continuously decreases between a scattering angle of 0
• and ±180
• on a circular constant-energy contour. This holds for the case of a pure Rashba interaction, where the spin is locked perpendicular to the momentum. For the case presented here, the spin-dependent scattering probability should not be altered by the deviation from the perpendicular locking, as we observe only a moderate modification.
A much more significant impact is expected from the peculiarity that the TSS in α-Sn is not situated in a projected bulk band gap, but exists completely degenerate with the projected Γ + 8 state. One would naively expect strong hybridization effects as it is typical of such surface resonances. In this case, a hole created in the TSS by the photoemission process is readily filled with electrons from the bulk band. Such interband scattering would not violate any conservation laws since the bulk states are not expected to be spin-polarized. This would lead to a strong broadening of the spectral function of the TSS, amounting to very short lifetimes of the excited state. Surprisingly, and as evident from the already discussed data, this is not the case in α-Sn. The TSS appears pronounced and sharp against the bulk background of the Γ + 8 band. To quantify the subjective impression from the false-color plots, we analyze the peak width from MDCs through a fit of Lorentzian curves convolved with a fixed Gaussian width to account for the experimental resolution (0.005Å −1 ). The results are shown in Fig. 8 . The analysis was applied to the data from a sample with increased Te amount in the buffer layer, which resulted in a Dirac point ∼35 meV below the Fermi level. The bulk background was modeled with two pairs of peaks for the binding energy range above ∼90 meV and with one pair of peaks below. Another pair of peaks has been fitted to the TSS in the whole binding energy range. Within each pair the peaks have been restricted to be symmetric about zero momentum and to have the same Lorentzian width at ±k. These constraints gave meaningful results over almost the complete binding energy range. Only close to E D , where the routine was unable to fit two peaks to the TSS, we manually fixed the peak positions to get conclusive results. An example of MDC fitting is shown at the bottom-left inset in Fig. 8 . In Fig. 8 the gray filled diamonds represent the peak positions of the TSS from the described routine and the black bars give the full width at half maximum (FWHM). For clarity reasons we show only an average over two neighboring points of the fit results. The raw data has been preprocessed such that the energy step agrees with the experimental resolution of ∼10 meV. In addition, we applied a linear regression to the peak positions as represented by the straight white line in the figure. As can be seen, the line fits very well to the fitted peak positions, confirming the linear dispersion of the TSS. We extract a group velocity of (4.5 ± 0.5) eVÅ, i.e., (6.8 ± 0.8) × 10 5 m/s, which compares well with the Fermi velocity reported by Ohtsubo et al. of 7.3 × 10 5 m/s 3 . In the inset (bottom-right of Fig. 8 ) we compare the group velocity from our analysis (black lines) with the one from theoretical GW -calculations reported in Ref. [2] , which are in excellent agreement.
To provide some insight into the decay mechanisms of created photoholes, we calculate the imaginary part of the electron self-energy (ImΣ) by multiplying the half width at half maximum (HWHM) of the Lorentzian peaks with the experimental group velocity 59 . The result is shown in the top panel of Fig. 8 . At E F , we observe an offset of 80 meV that is explained by the presence of impurities on the surface, which lead to an energyindependent inelastic scattering. We then observe an increase of ImΣ to ∼120 meV from E F to ∼50 meV binding energy. A possible decay of photoholes in this range is through electron-hole pair creation or electron-phonon interaction. However, a characteristic quasi-particle kink is not clearly resolvable in the dispersion due to the overlap of the two broadened peaks from the TSS branches at ±k. Between binding energies of 50 meV and 100 meV, ImΣ stays constant before a slight reduction to ImΣ ≈100 meV is observed. We note that this reduction appears in the vicinity of E D , and a detailed analysis of this behavior would be speculative due to the intricacies in the modeling. In this range we have reduced the number of peaks to model the bulk background from four to two. However, a similar decrease was observed for graphene on SiC and explained by the limited number of decays with enough momentum transfer for the creation of electron-hole pairs 60 . At ∼150 meV binding energy we The bottom-right inset shows a to-scale comparison of the linear fit to the experimental peak position (black line) with our GW -calculations. The size of the symbol is a measure of the surface localization, while the color represents the spin polarization (adapted from Ref. [2] ). The imaginary part of the electron self-energy (ImΣ) (white circles), extracted from the data, is shown in the top panel.
identify a very small increase that would again fit to a decay by electron-hole pair creation.
So far, we have not taken into account the presence of the projected bulk states for the decay of photoholes. As mentioned above, one could expect a huge impact on the decay from these states. However, if we compare the average lifetimes of photoholes created in the TSS of α-Sn (∼3.3 fs at ImΣ ≈100 meV) to those observed in other systems, where the surface state exists in a projected bulk band gap, like Bi 2 Se 3 (∼11-30 fs) 47 or Bi 2 Te 3 (∼8-16 fs) 61 , the difference is not so significant. Even in two-dimensional graphene on SiC, the lifetime of ∼5 fs 60 is comparable to α-Sn. In a recent study, we were able to show that the TSS we investigated is derived mainly from p z -orbitals, while the Γ + 8 band, the projection of which is degenerate with the TSS, has mainly p x + p y character 6 . One may, therefore, argue about 'orbital protection' against interband scattering for the TSS in α-Sn. Moreover, this difference in the orbital character avoids hybridization and leads to a strong surface localization of the TSS despite its surface resonance character. In a real-space picture, one may argue that the density of states (DOS) at the surface originates mainly from the TSS since the bulk bands show a strong decay into the vacuum. Hence, the TSS DOS alone is left as a phase space for scattering events, which might explain the surprisingly high lifetimes of the photoholes.
VIII. CONCLUSIONS
In conclusion, we have analyzed the electronic structure of the TSS in strained α-Sn grown on InSb(001) by spin-and angle-resolved photoemission. We found that the TSS has an almost ideal Dirac cone shape with a circular Fermi contour. With the help of photon energy scans, we identified a second two-dimensional feature that appears only away from the Γ-X direction in k-space. We have shown that Te, as well as K, act as electron donors if deposited on the surface of α-Sn and they allow to shift the Dirac point by at least ∼50 meV and ∼215 meV, respectively. Most importantly, we have demonstrated that deposition of 0.25 ML of ferromagnetic Fe induces a slight n-type doping, however, no resolvable gap in ARPES. Moreover, we analyzed the spinmomentum locking of TSS electrons with spin-resolved photoemission and showed that the spin is captured within the surface plane. It has a finite component that is antiparallel to the momentum. Although the TSS is clearly spin-polarized, we observed that the circular dichroism in the angular distribution vanishes. Finally, we have shown that the quasi-particle lifetimes of photoholes created in the TSS of α-Sn compare very well with those of other TIs -despite the peculiarity of being fully degenerate with the bulk states. We argue that the long lifetimes are due to an 'orbital protection' (low hybridization) against interband scattering between the TSS and background of bulk bands.
IX. ACKNOWLEDGMENTS
We thank A. Fleszar for support with calculations and discussions on the manuscript. This work was supported by the Deutsche Forschungsgemeinschaft (DFG) under Grant SCHA1510/5, the SPP 1666 Priority Program Topological Insulators, the DFG Collaborative Research Center SFB 1170 ToCoTronics in Würzburg. Diamond Light Source (Didcot, UK) is gratefully acknowledged for beamtime under proposals SI10289, SI10244, SI12892, and SI15285. LCM and LBD acknowledge financial support from EPSRC (UK), and LBD also from the Science and Technology Facilities Council (UK).
